Most models of population dynamics do not take sexual reproduction into account (i.e. they do not consider the role of males). However, assumptions behind this practiceöthat no demographic sex di¡er-ences exist and males are always abundant enough to fertilize all the femalesöare usually not justi¢ed in natural populations. On the contrary, demographic sex di¡erences are common, especially in polygynous species. Previous models that consider sexual reproduction report a stabilizing e¡ect through mixing of di¡erent genotypes, thus suggesting a decrease in the propensity for complex dynamics in sexually reproducing populations. Here we show that considering the direct role of males in reproduction and density dependence leads to the conclusion that a two-sex model is not necessarily more stable compared with the corresponding one-sex model. Although solutions exist where sexual reproduction has a stabilizing e¡ect even when no genotypic variability is included (primarily when associated with monogamy), factors like polygyny, sex di¡erences in survival or density dependence, and possible alterations of the primary sex ratio (the Trivers^Willard mechanism), may enlarge the parametric region of complex dynamics. Sexual reproduction therefore does not necessarily increase the stability of population dynamics and can have destabilizing e¡ects, at least in species with complicated mating systems and sexual dimorphism.
INTRODUCTION
Despite the substantial research on the evolution of sexual reproduction (e.g. Maynard Smith 1978; Stearns 1987) , there exist relatively few studies that focus on the consequences of sexual reproduction on single population dynamics (Das Gupta 1972; Schoen 1983; Dash & Cressman 1988; Caswell & Weeks 1986; Doebeli & Koella 1994; Johnson 1994; Ruxton 1995; Doebeli 1996 Doebeli , 1997 . The usual practice in modelling population growth is not to handle sexes explicitly (May 1976a; Caswell 1989 ). Perhaps at least a partial reason for this bypass is the prevailing view of sex in population dynamics predominantly stabilizing the dynamics (Doebeli & Koella 1994; Ruxton 1995; Doebeli 1996 Doebeli , 1997 or having not much e¡ect at all (Castillo-Chavez & Huan 1995) . This is, however, to some extent at odds with the knowledge of the complex dynamics displayed by nonlinear systems elsewhere (May 1976a,b; Olsen & Degn 1985) , as two-sex population models are necessarily nonlinear constructions as well (Caswell & Weeks 1986) .
Another motivation to study the dynamics of two-sex population models is the ample evidence from various taxa that demographic sex di¡erences exist (CluttonBrock 1991; Massot et al. 1992; Ohgushi & Sawada 1995) . These are most pronounced in polygynous species, where sexual selection has moulded the mating system such that small or otherwise frail males have little chance of conveying genes to the next generation. Sexual size dimorphism is frequently pushed so far that males have higher mortality risk than females either as juveniles, in adulthood or both (Clutton-Brock et al. 1982 Owen-Smith 1993) . In less polygynous species, sex di¡er-ences are commonly less severe and more variable in both their e¡ect and direction (Clutton-Brock et al. 1985; Berger & Cunningham 1995; Cooch et al. 1996; Gaillard et al. 1997 ).
Here we show that sexual reproduction as such may have drastic e¡ects on population dynamics, including the possibility of destabilization, when it is associated with polygyny and demographic sex di¡erences. We note that the reason for contrasting results between our model and the earlier work by Doebeli and Koella (Doebeli & Koella 1994; Doebeli 1996 Doebeli , 1997 , and Ruxton (1995) , arises from including very di¡erent aspects of sexual reproduction: phenotypic variability in the earlier work, and the explicit consideration of the male role in population demography in our models.
MODEL DESCRIPTIONS (a) Moran^Ricker density dependence
We investigate the behaviour of two di¡erent densitydependent models. These models include a description of the demography of both sexes, but ignore any genetic variability of the individuals. For both alternatives, we write both a two-sex model and the corresponding`traditional' one-sex model that assumes a 1:1 sex ratio (such that the number of females is half the total population size), and that male availability never constrains reproduction. First, we study density dependence of the Moran^Ricker type (Moran 1950; Ricker 1954) , as used by, for example, Ruxton (1995) . For the purpose of de¢ning a per female rate of female o¡spring production, we write the one-sex version of the model in a slightly di¡erent form from that of Ruxton (1995) :
Here, each female produces k female o¡spring. The factor 2 in the density-dependent response makes the comparison with an explicit sexual version possible, as it re£ects the e¡ect of increased density by the presence of males (assuming a 1:1 sex ratio).
In an explicit two-sex model, the total number of births will depend on the numbers of both males, N m , and females, N f . Following Caswell (Caswell & Weeks 1986; Caswell 1989) , we use the harmonic birth function to describe the dependency of the number of births, B, on population size and sex ratio. When total o¡spring number per fertilized female equals 2k (comprising both male and female o¡spring), this function takes the form
The harmonic function is considered to be the least £awed choice (Caswell 1989) as it satis¢es a number of criteria for sexual reproduction (e.g. reproduction stops whenever there is complete lack of either sex). In addition, this function can be modi¢ed to handle polygyny adding a parameter h describing average harem size (Rosen 1983; Caswell & Weeks 1986) :
In monogyny, h 1, and lack of either males or females reduces population growth equally. Increasing h makes the number of females relatively more important as a determinant of population growth. With the harmonic birth function, per capita female reproduction approaches 2k only when males are in excess, and a larger harem size gives a steeper rise towards this limit (Caswell & Weeks 1986, ¢g. 3b, p. 715) . Because of the dependency of reproduction on both density and sex ratio, we cannot de¢ne a single intrinsic growth rate by specifying low density only. We therefore use k, the fecundity (number of female o¡spring) of a fertilized female, as the bifurcation parameter to enable comparison with the one-sex dynamics, where all females are assumed to be fertilized. Assuming a primary sex ratio of 1:1, the sexual dynamics now becomes
where the possibly di¡erent density-dependent responses to population density in males and females are accounted for by the parameters " f and " m .
(b) Matrix model with age structure
In the second model we consider an age-structured population, described by a transition matrix A. We have collapsed the age structure to a minimum to focus solely on the e¡ect of sex and sex di¡erences in demography. The one-sex version of the model is of a simple Lefkovitch type,
where both juvenile recruitment to the adult population, J, and adult survival, S, are set to depend on population size. The two-sex version of this population consists of juveniles, adult males and adult females. The number of juveniles produced will depend on both male and female numbers one time-step earlier.
The juveniles are assigned a sex when they recruit to the adult population. Following Caswell & Weeks (1986) , the population state N and the transition matrix A for this model can be written as:
F m and F f represent the fecundity values of males and females, respectively, J m and J f denote the probability of a juvenile being recruited into the male or female adult population, and S m and S f give the survival of adults. In a two-sex model, the male and female fecundity values are derived from a common birth function (Caswell 1989 )
For a realistic choice of B, we again use the harmonic birth function (equations (2) and (3)), which leads to the per capita male and female fecundities
To modify the transition matrix to allow density dependence, we let the recruitment probabilities and adult survival vary as linear functions of density. We also make it possible to alter the primary sex allocation of females by making the probability to give birth to a male dependent on condition. Here we assume that female condition depends on population density, and the female allocates her resources according to the Trivers^Willard hypothesis (Trivers & Willard 1973) by adjusting the proportion of male o¡spring produced according to her condition. Then, the recruitment probabilitiesJ m and J f become
The coe¤cient p m (t 7 1) gives the probability that the now recruiting juvenile was born as a male: note that this probability has a time lag because we assume primary sex determination according to population density before juveniles enter the population. The juvenile survival probabilities j m (t) and j f (t) were also set to decrease linearly with population size. As a ¢rst simpli¢cation, we assume that all individuals have an equal e¡ect on competition, such that the state of the population can be described by the total population size, N(t) N juv (t)+N m (t)+N f (t):
where j m0 and j f0 denote the survival of juvenile males and females in zero population density, respectively. Likewise, the survival of adult males and females, S m and S f , can be modi¢ed to represent sex di¡erences with parameters b m and b f :
S m0 and S f 0 give the adult survival values in zero population density. In equations (11) and (12), we further interpret negative values as zeros. For a fair comparison to the density dependence obeyed by the one-sex model, we again need to adjust the total density of the one-sex population by a factor of 2 (i.e. the one-sex model ignores the dynamics of males, and simply assumes a 1:1 sex ratio). The dynamics of the corresponding one-sex model thus becomes
where S f (t) and j f (t) are as above, and N(t) 2(N juv (t) + N f (t)).
RESULTS
Replacing the one-sex Moran^Ricker model with a monogamous two-sex version will stabilize the dynamics, in terms of a later onset of the bifurcations as the reproduction value k increases (¢gure 1a,b). However, the di¡erence from the one-sex model almost vanishes if harem size is increased to h 10 (¢gure 1c). Although polygyny itself does not give more unstable dynamics compared to the one-sex version, the dynamics is further complicated when responses to population density, " m and " f , are sexspeci¢c. Examples can be found where the parameter space producing periodic or chaotic dynamics is much enlarged by adding sex-speci¢c di¡erences in survival (¢gure 1c,d show extreme examples). However, opposite changes, i.e. stabilization relative to the one-sex model, may also occur. It turns out that the dependency of the attractor type on reproductive rate k and on the ratio of sex-speci¢c density dependence parameter values, " m /" f , shows a very complicated pattern (¢gure 2).
The age-structured model gives similar conclusions (¢gure 3). Introducing sexual reproduction with monogyny has a stabilizing e¡ect (¢gure 3b), whereas introducing polygyny and lowered survival of young males makes chaotic dynamics appear sooner (at smaller k) than in the one-sex model (¢gure 3c). Increasing sexspeci¢c di¡erences can further increase the region of periodic, quasiperiodic or chaotic attractors. Such di¡erences are, for example, a faster decline of juvenile male mortality with population density (¢gure 3d) or a varying primary sex ratio (¢gure 3e). The Trivers^Willard mechanism may, however, also show stabilizing e¡ects.
The exact form of the solutions will naturally depend on the assumptions made on the form of density dependence. We have obtained a similar tendency towards instability with increasing harem size in other models (e.g. N(t+1) kN(t)/(1+aN(t)) b , Hassell (1974) dependence (May & Oster 1976) . Chaos, however, is not restricted to a linear relationship between survival and density, such that it can also occur in systems where no survival parameter ever drops to zero.
We also note that the interpretation of the harem size parameter h requires some caution. An assumption underlying the harmonic birth function is that female fecundity continues to rise after a 1:1 sex ratio even if h 1, which is interpreted as monogamy (Caswell & Weeks 1986, ¢g. 3b, p. 715) . Thus, in the monogamy model a fraction of both males and females remain unmated with an 1:1 sex ratio, which decreases the growth rate of the population and tends to stabilize the dynamics. A larger h then increases the proportion of fertilized females at any sex ratio and increases population growth. However, more e¤cient mate search may well shape the per female fecundity curve to be similar to h41 even when the mating system is monogamous. Monogamy may be therefore best described by h41, and polygyny by h4 41. Thus, destabilization due to sexual reproduction may even occur in a wider variety of mate choice systems than suggested by the de¢nition of the harmonic birth function (because large values of h tend to lead to instability).
DISCUSSION
The study of the e¡ects of sexual reproduction on population dynamics su¡ers from a split into two disciplines. Studies like those of Doebeli & Koella (1994) , Ruxton (1995) and Doebeli (1996 Doebeli ( , 1997 ) describe a reduced propensity for chaotic behaviour in sexually reproducing populations because of a`blurring' e¡ect of variability in phenotypes and their respective growth rates and density-dependent responses. These studies, however, do not consider explicitly the role of males in reproduction. The demographic consequences of the fact that reproduction needs two sexes have to be formulated by considering a birth function whose value depends on the numbers of both sexes. This theory has been developed by Caswell and Weeks (Caswell & Weeks 1986; Caswell 1989) . Although they show how chaotic dynamics may arise from a two-sex model assuming inter-stage competition, they do not provide comparisons to a corresponding one-sex model, and thus do not respond directly to the question of relative stability of one-sex versus two-sex reproduction.
Because of the very di¡erent approaches used in these two alternatives, contrasting them is somewhat like comparing apples with pears. Several models now suggest that introducing genetic variability has a stabilizing e¡ect Figure 2. The type of two-sex Moran^Ricker dynamics with harem size h 10 as a function of the ratio of sex-speci¢c density dependence parameters, " m /" f , and the reproductive rate k. Grey shading denotes a single equilibrium point, white denotes periodic or quasiperiodic solutions, and black indicates chaotic dynamics. The one-sex model is chaotic above k* exp(2.7) 14.9. In the two-sex model shown here, the onset of chaotic dynamics is also very sensitive to the ratio " m /" f . At around " m /" f 2, the dynamics is much stabilized, while elsewhere, unstable dynamics can appear at k5 5 k*. " m /" f due to`blurring' variable growth rates of di¡erent randomly mating genotypes (Doebeli & Koella 1994; Ruxton 1995; Doebeli 1996 Doebeli , 1997 . In contrast, including the role of the male sex may give rise to very complicated and sometimes opposing e¡ects on the stability in our models where the demography of sexual reproduction is speci¢ed explicitly. A likely explanation for this di¡erence is that an explicit two-sex model introduces an additional nonlinearity through the birth function B(N m , N f ) (equations (2) and (3)), which is absent in the`phenotypespeci¢c growth' models. Sexual reproduction in nature involves both a mixing of genotypes and a two-sex demography. Thus, future work combining genotypic variability with a nonlinear birth function should lead to some insight into the interaction of these two factors. Clearly, the traditional way to model population growth as a function of female numbers only omits some important aspects of the role of males. Caswell & Weeks (1986) show that a two-sex model can display cyclic or chaotic sex ratio dynamics. Because sex ratios a¡ect population growth, it is not surprising that the size of a sexually reproducing population may obey complex dynamics as well. Sex ratios a¡ect growth rates not only if lack of males forms a constraint to fertilization, but also more generally through density-dependent e¡ects on female survival and/or reproduction induced by the presence of males. Here, we have assumed that males and females are equally severe competitors. In reality, high density of males might well cause disproportionately severe harm to females. An extreme example is the considerable female mortality caused by sexual harassment in the Ile Longue feral sheep, Ovis aries, in a population with a strongly male-biased sex ratio (Reale et al. 1996) .
Sex di¡erences in demography are particularly typical and well-known in ungulates (Clutton-Brock 1991) . Against this background and the results of the current study, it is perhaps surprising that many ungulate populations are remarkably stable (Sinclair 1989) , although exceptions exist: e.g. Soay sheep (Ovis aries) display cyclic dynamics (Clutton-Brock et al. 1997) . The obvious reason for such stability is that brood sizes of ungulates are generally still too small to yield complex dynamics, despite the sex di¡erences in demography and polygyny. In addition, di¡erences in age-speci¢c survival may tend to stabilize the dynamics (acting as another`blurring' e¡ect).
It remains to be shown whether populations exist that show qualitative changes in their dynamics, caused by the interaction of fairly high reproductive capacity of individual females and the nonlinearity of the mating system. We know of no attempts to estimate the form of B(N m , N f ) in any population except humans, where the lack of large sex ratio variations poses a severe problem for estimation (Key¢tz 1972) . Insects could perhaps be the most likely candidates for sex-induced destabilization. They are typically not monogamous, and sexual dimorphism is often pronounced (e.g. if one of the sexes lacks wings, adult mortality schedules are not likely to be equal). Furthermore, due to short lifespans, female reproduction may sometimes be constrained by lack of mates. For instance, in experimental work on the moth Epiphyas postvittana, both the percentage of mated females and their subsequent fecundity were found to increase with the male:female sex ratio, with maximum values at 3:1 (Danthanarayana & Gu 1991) .
Finally, we note that the dynamics of a population is a¡ected by a set of selection pressures acting at the individual level. One-sex life history models show that stable population dynamics may result from evolution of life histories of individuals (Gatto 1993; Ebenman et al. 1996) . In sexually reproducing populations, however, males and females often face di¡erent challenges. Especially in the evolution of mating systems, selection acting on males certainly cannot be ignored. As intraspeci¢c competition for mates often leads to dimorphism and demographic sex di¡erences, the role of males is not necessarily negligible in the resulting population dynamics either.
